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Transient electron paramagnetic resonance (TR EPR) at 9.8 GHz has been used to study the light-induced triplet state in single crystals of
Photosystem II (PS II). The crystals were grown from a solution of PS II core complexes from the thermophilic cyanobacterium
Synechococcus elongatus. The core complexes contain at least 17 subunits, including the water-oxidizing complex, and 32 chlorophyll a
molecules per PS II complex. The PS II complexes are active in light-induced electron transfer and water oxidation. The crystals belong to the
orthorhombic space group P212121, with four dimers of PS II complexes per unit cell. Laser excitation was used to generate the
recombination triplet state in PS II which was then studied by EPR at low temperatures (10 K). The crystal spectra show the same magnitude
of the zero-field splitting (ZFS) values D, E as spectra obtained earlier for the triplet state of PS II in frozen solution. The orientation of the
ZFS tensor D of the triplet state with respect to the crystallographic axes has been deduced from the analysis of angular-dependent EPR
spectra. Knowledge of the orientation of the D tensor component perpendicular to the plane of the chlorophyll (DZ) allows an assignment on
which chlorophyll of the reaction centre the triplet state is localized at low temperatures. Furthermore, the orientation of the DX and DY
components of the D tensor yielded the in-plane orientation of the respective chlorophyll in the reaction centre providing first experimental
evidence for the orientation of this molecule in the PS II.D 2003 Elsevier B.V. All rights reserved.Keywords: Time-resolved EPR; Triplet state; Protein single crystal; Photosystem II1. Introduction
Oxygenic photosynthesis is performed by plants, algae
and cyanobacteria (for an overview see the articles in Refs.
[1,2]). These organisms utilize two protein-cofactor com-
plexes, the so-called photosystems (PS I and PS II) to
convert solar energy into chemical energy. This process is
driven by a light-induced charge separation across the
photosynthetic membrane, in which various cofactors act
as electron carriers. In the photosystems, these cofactors are
arranged into two branches. The electron transfer starts0005-2728/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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prise monomeric chlorophyll (Chl), pheophytin (Ph) and
quinones in PS II and Chl, quinones and Fe–S-centres in
PS I. Simple photosynthetic bacteria utilize only one
electron transfer pathway located in the so-called reaction
centre (bRC). The RC of purple bacteria resembles that of
PS II [3,4], but lacks the water-splitting complex. In oxy-
genic photosynthesis, water is used as an electron donor,
leading to the release of molecular oxygen by PS II. Purple
and green bacteria are not able to split water but use
alternate electron donors instead.
For a basic understanding of the primary electron trans-
fer events, knowledge of both the spatial and the electronic
structure is required. Information on the geometrical
arrangement has been obtained from X-ray crystallography
[5–7]. Insight into the electronic structure is available from
spectroscopy [8]. Since in the light-induced electron trans-
fer process, radical ions and radical pairs are created and
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magnetic resonance (EPR) has evolved as one of the
central methods to study these species in the photosystems
[9].
In all photosynthetic systems, triplet states of the pigment
molecule are usually not formed due to the very fast singlet
energy transfer and subsequent fast charge separation proc-
ess in the RC. When forward electron transfer to the first
stable electron acceptor (quinone) in RCs is blocked, the
primary singlet radical pair can, however, transform into the
triplet radical pair that recombines to form a pigment triplet
3P with a lifetime of c 100 As (in bRC) to c 1 ms (in PS II)
[10].
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Note that it is not a priori clear on which pigment 3P is
located in PS II; traditionally, the triplet state in PS II is
denoted 3P680. The triplet state is potentially harmful since
it reacts with O2 to form singlet oxygen which leads to cell
damage. Nature has provided protection against this reac-
tion by incorporating carotenoid molecules in close contact
to chlorophylls, thereby enabling efficient triplet energy
transfer. 3Car cannot react with oxygen [11]. Although the
triplet is not a functional state in the electron transfer
process, its investigation is important to understand the
primary donor excited-state electronic properties and triplet
energy transfer. Furthermore, the triplet can be used as a
paramagnetic probe for EPR studies of the photosystems
[12,13].
The generation of 3P in a magnetic field from the
strongly spin-polarized radical pair state leads to very
intense signals and a characteristic polarization pattern in
the time-resolved transient (TR) EPR powder spectrum
[14–16]. The interaction between the two unpaired elec-
tron spins of 3P leads to zero field splitting (ZFS) in the
spectra, described by the parameters D and E, which
reflect the size and symmetry of the two singly occupied
orbitals. From a comparison with the respective ZFS
parameters of monomeric (bacterio)chlorophyll in organic
glasses, it has been concluded that at cryogenic temper-
atures (c 10 K) the triplet exciton is delocalized over a
pair of such molecules [17] in the bRC, whereas in PS II,
it is located on a single chlorophyll [18]. At elevated
temperatures, a delocalization onto a second chlorophyll
was, however, postulated from the observed spectral
changes [19]. Information on the ZFS tensor axes has
been obtained from studies of 3P in single crystals of
bRCs which supported the model of triplet exciton deloc-
alization in a dimeric BChl, the so-called ‘‘special pair’’
[17]. Additional information on the electronic structure of
the triplet state in the bRC and PS II has been gained by
application of transient [20] and pulse ENDOR techniques[9,21,22] by which several hyperfine coupling constants
could be resolved.
In the RC of purple bacteria, the sequence of charge
transfer events after photoexcitation of the primary donor is
well established. The initial charge separation occurs
between the photoexcited primary donor P*, a bacterio-
chlorophyll (BChl) dimer, with ring planes perpendicular to
the photosynthetic membrane and the ‘‘accessory’’ mono-
meric BChl followed by reduction of the BPh molecule
[23,24]. The initially photoexcited ‘‘special pair’’ remains as
the oxidized species P+ S and also the triplet state (3P),
formed in prereduced bRC, is localized on the same species.
In PS II the corresponding reaction sequence is not fully
established yet. A central question is whether the oxidized
species P+ S resides on the same molecule as the initially
photoexcited species P* that initiates the primary charge
transfer. Due to the strong overlap of the absorption spectra
of the individual chlorins in PS II, resolving this question by
optical spectroscopy alone is difficult although some infor-
mation has recently been obtained using specific PS II
mutants [25] and analyzing FTIR spectroscopic data [26].
Information regarding the energetics of the involved
molecules and, therefore, on the mechanism of the charge
separation can be gained by analysis of the location of the
excited triplet state 3P and of the location of the oxidized
species P+ S. We have shown previously by analysis of pulse
EPR techniques on the radical pair P680
+ S QA
 S [27,28] and a
comparison [9] with the PS II crystal structure that the
cation radical is located on one of the chlorophylls with
planes parallel to the membrane normal (PD1 or PD2) at least
on the time scale of the EPR experiment (nanoseconds to
microseconds).
van Mieghem et al. [18] have previously analyzed the
orientation dependence of the PS II triplet EPR signal in
one-dimensionally ordered PS II-enriched membrane frag-
ments at cryogenic temperatures. Initially, the authors
concluded that the triplet state resides on a chlorophyll
with a ring plane parallel to the photosynthetic membrane
[29,30]. Later this result was refined using improved
sample preparation and a 30j tilt of the chlorophyll
plane with respect to the membrane has been given
[18]. According to the recent X-ray crystal structure of
PS II core complexes (cc), this orientation would corre-
spond to the ‘‘accessory’’ chlorophylls (ChD1 or ChD2) in
the PS II RC. This result requires further support by
investigation of 3P in single crystals of PS II complexes.
In this contribution, we report on such experiments and
analyze the ZFS tensor magnitude and orientation of the
PS II triplet state 3P680 at low temperatures using time-
resolved TR EPR. Thereby, we show that this triplet state
is indeed localized on a molecule different from the
oxidized species P+ S. Furthermore, the work demonstrates
that TR EPR at X-band frequencies is possible on the
small single crystals of PS II core complexes, which have
so far only been studied by high-field/high-frequency
EPR [31].
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2.1. Sample preparation
PS II cc from Synechococcus (S.) elongatus were
purified according to Dekker et al. [32], using a weak
anion exchange chromatography in the final stage of
purification of the PS II cc [33]. All chemicals were of
analytical grade, and triply distilled water (Millipore-Q)
was used as solvent. According to SDS-PAGE and matrix-
assisted laser desorption ionization-time-of-flight mass
spectrometry, the PS II cc of S. elongatus are composed
of at least 17 subunits [34], of which 14 are located within
the photosynthetic membrane: the RC proteins D1 and D2
(PsbA and PsbD), the heterodimeric cytochrome b559
(PsbE and PsbF), the two chlorophyll a-binding inner
light-harvesting antenna proteins CP43 (PsbC) and CP47
(PsbB) and the smaller subunits PsbH to PsbN, and PsbX.
The membrane-extrinsic cytochrome c550 (PsbV), the 12-
kDa (PsbU), and the manganese-stabilizing 33-kDa protein
(PsbO) are located on the lumenal side of the PS II cc
[35].
From this preparation, three-dimensional PS II single
crystals could be grown [7] that are active in light-induced
electron transfer and water oxidation [36] and diffract to a
resolution of at least 3.8 A˚ in X-ray structure analysis. The
typical size of the PS II crystals obtained is 0.5 0.3 0.2
mm. The crystals are of the orthorhombic space group
P212121 and contain four dimers of PS II complexes per
unit cell. In the crystals, PS II occurs as a homodimer with
non-crystallographic C2 symmetry. This non-crystallo-
graphic C2-axis is itself parallel to the pseudo C2-axis
relating the D1 and the D2 protein subunits and the embed-
ded cofactors to each other [7].
The prereduction of the crystals was done in the dark
using an aqueous stock solution of sodium dithionite that
was added to the mother liquor containing detergent and the
crystals to a final concentration of 100 mM. All solutions
were carefully deoxygenated previously by argon treatment.
After 20 min incubation time, excess of the solution was
removed and the crystals were placed under argon in sample
tubes (Suprasil) and quickly frozen in liquid nitrogen. This
reduction procedure should result in singly reduced QA
yielding a 3P680 lifetime in the 10 As range at low temper-
atures [37,38].
2.2. TR EPR
EPR measurements were carried out at X-band (9.83
GHz) using a Bruker (Rheinstetten, Germany) ESP 380E
spectrometer. An Oxford CF 935 helium cryostat was used
to achieve a temperature of 10 K. TR EPR signals were
generated by excitation with laser pulses (8 ns duration,
c 10 mJ light energy per pulse) at 532 nm from a frequency
doubled Nd:YAG laser (Spectra Physics GCR 130). From
the complete time/field data sets, transient spectra wereextracted by integrating the signal intensity in a chosen
time window following the laser pulse. All spectra presented
here are plotted with absorption (A) positive and emission
(E) negative.3. Spectral analysis
EPR spectra were simulated using a self-written com-
puter program based on a spin Hamiltonian including the
electron Zeeman and the electron–electron dipolar term.
The hyperfine interactions were subsummed in the line
width. Crystal spectra were calculated as a superposition
of spectra of the inequivalent sites, related by crystallo-
graphic (P212121) and non-crystallographic (C2-dimer axis)
symmetries. Note that for these crystals of PS II complexes
two C2-axes exist, one being the local pseudo-C2-axis
relating the D1 protein subunit and its cofactors to the D2
subunit. The other one is the C2-dimer axis relating the two
PS II monomers in the dimeric PS II complexes. These two
axes are parallel to each other and indistinguishable by EPR
spectroscopy. Therefore, both are referred to as C2-axis. The
simulation parameters include the D tensor principal values
DX, DY and DZ and the orientation of D for one site in the
unit cell, the orientation of the crystal in the magnetic field,
and a line width parameter. The D tensor principal values
DX, DY and DZ can also be represented by the values D and
E since the tensor is traceless. These are related to the
principal values as follows: DX= 1/3D +E, DY= 1/3D–E
and DZ = 2/3D.4. Results
The single crystals of PS II complexes available have a
volume of only c 30 nl. Taking into account the size of the
unit cell of 9 103 nm3 (308 227 130 A˚) with eight PS
II cc per unit cell one arrives at a maximum number of
c 2.7 1013 spins in one crystal. EPR experiments on a
stationary paramagnetic species could so far only be carried
out with these small crystals using W-band (94 GHz) EPR
that makes use of the increased sensitivity of high-field/
high-frequency EPR [31]. However, for a light-induced
spin-polarized species as the triplet state of PS II part of
the sensitivity enhancement in high-field EPR is lost since
in this case the population difference between the spin levels
is not increased at higher fields according to Boltzmann’s
law but stays constant due to an exclusive population of the
T0 state from the spin-polarized radical pair. Therefore, we
used the high-filling factor/high-Q dielectric ring cavity at
X-band (c 10 GHz) to perform the experiments. By using
TR EPR, the strong spin polarization leads to a significant
signal enhancement of the triplet state EPR signals. Since at
low temperatures, the triplet yield is high it was possible to
acquire spectra with sufficient signal-to-noise ratio as shown
in Fig. 1. In Fig. 1 (top) the powder spectrum for the triplet
Fig. 2. Orientation of the principal axes of the D tensor components X, Y and Z in th
plane the right one a view perpendicular to it. The angle of DZ determined from EP
D2 subunits is 30F 2j and fits to the accessory chlorophylls (e.g. ChlD1) as show
chlorophyll (right) is deduced.
Fig. 1. Top: transient spin-polarized powder spectrum of 3P in PS II. The
arrows denote prominent features in the spectrum from which the principal
values of the D tensor are obtained. Bottom: TR EPR spectra (experiment,
black; simulation, dashed blue) of the light-induced triplet state in single
crystals of PS II. The individual experimental spectra have been normalized
to equal signal amplitude. Differences in the signal intensity upon rotation
of the crystal are visible in the variable signal-to-noise ratio. The crystal
was rotated about an axis close to the crystallographic a-axis. The colored
lines represent simulations of the eight differently oriented triplet molecules
in the single crystal unit cell. Note that for each site, a pair of lines is
obtained (absorptive and emissive). Experimental conditions: T= 10 K,
mmw= 9.86 GHz, accumulation time c 30 min for each trace. For the
simulations, the D and E values obtained from the powder spectrum and an
optimized line width of 0.4 mT were used.
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depicted showing the typical polarization pattern resulting
from triplet radical pair recombination.
The orientation-dependent spectra from the PS II cc
single crystal show spectral width and polarization patterns
consistent with the frozen solution spectrum. Therefore, we
conclude that the dithionite treatment described above
indeed led to reduction of QA in the single crystal and that
the light-induced spectra observed can be assigned to the
triplet state of PS II. The reduction state of QA, singly or
doubly reduced, is difficult to distinguish from the time-
resolved EPR data since the signal decay is caused primarily
by spin relaxation, i.e. decay of the initial spin polarization.
For a detailed comparison of the frozen solution and the
single crystal spectra, it is necessary to understand the
polarization pattern in the frozen solution spectrum (Fig. 1,e PS II core complex. The left panel shows a view parallel to the membrane
R with respect to the pseudo C2-axis relating the cofactors in the D1 and the
n (left). From the orientation of X and Y the position of the fifth ring of the
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powder spectra, one from the absorptive transitions
(between the mS = 0 and mS= + 1 triplet levels) with only
positive contributions extending from ZA to XA (c 320 to
c 373 mT) and one from the emissive transitions (between
the mS = 0 and mS = 1 triplet levels) extending from XN to
ZN (c 328 to c 381 mT) with only negative contributions.
Contributions with different polarization overlap in the field
range XN to XA. Due to the fact that the two powder spectra
are shifted with respect to each other, the resulting spectrum
shows the AEEAAE pattern which is characteristic for the
triplet state spectrum of PS II. For a more detailed explan-
ation see Ref. [9].
In the field ranges between ZA and XN, and XA and ZN,
respectively, the single crystal spectra exclusively show the
same polarization as the powder spectrum. Only contribu-
tions from either the absorptive or the emissive spectrum
occur in these spectral ranges since there is no overlap
between the transitions. In the range from XN to XA, where
lines of different polarization overlap in the powder spec-
trum, lines with the same and with opposite polarization as in
the powder spectrum are visible in the single crystal spectra.
The single crystal spectra show the required 180j
periodicity. Therefore, only one 180j interval in steps of
5j is depicted in Fig. 1. The crystal unit cell contains four
inequivalent dimers of PS II complexes with the two PS II
monomers related by a non-crystallographic C2-axis in the
unit cell. Therefore, eight magnetically inequivalent PS II
complexes are present in the unit cell resulting in a
maximum of 16 EPR lines (eight absorptive and eight
emissive) for an arbitrary orientation of the crystal with
respect to the magnetic field. In the pattern shown in Fig. 1,
at most eight lines (four absorptive and four emissive) are
resolved. This implies that the rotation axis is almost
parallel to one of the crystallographic axes. Under these
conditions, two of the four dimers of PS II complexes in the
unit cell are pairwise magnetically equivalent. Close to the
angles 0j and 180j the magnetic field is aligned roughly
parallel to one of the crystallographic axes and all four
dimers of PS II complexes are magnetically equivalent. The
remaining two absorptive and two emissive transitions are
due to the magnetically inequivalent monomers of one
dimer of PS II complexes. Close to 90j, another crystallo-
graphic axis is roughly parallel to the magnetic field. In the
range of rotation angles between 70j and 110j the crystal
had been in an unfavorable orientation for excitation by the
laser light. Therefore, the signal intensity is low in this
region which is visible as a decreased signal-to-noise ratio
of the spectra and increased baseline artifacts in this range.
To obtain the orientation of the ZFS tensor D principal axes
within the crystal axis frame, a simulation of the orienta-
tion-dependent spectra has been performed and is shown as
dashed lines in Fig. 1.
The simulation of this rotation pattern requires nine
parameters. These are the D and E values derived from
the traceless D tensor, one isotropic line width parameter,three angles for the orientation of the crystal axes with
respect to the laboratory frame, and three angles for the
orientation of the D tensor principal axes of one of the PS II
monomers with respect to the crystal axes. The orientation
of the remaining seven inequivalent monomers of PS II is
generated by the crystallographic symmetry operations and
the non-crystallographic C2 symmetry between the PS II
monomers within one dimer of PS II complexes. These
symmetry constraints have been taken from the X-ray
structure [7] and were used before in the analysis of
orientation-dependent W-band spectra of TyrD
ox (yD
ox) in
the PS II single crystals [31]. To reduce the number of
simulation parameters, we have taken the D and E values
(ADA = 287F 9 10 4 cm 1and AEA = 43F 2 10 4
cm 1) from the frozen solution spectrum of Lendzian et
al. [22,39].
First, overall simulations were performed with all three
angles describing the orientation of the D tensor principal
axes stepped through the entire sphere with a step width of
10j. The sum of least squares (SLS) for all combinations
of these angles was calculated. This procedure was done
for the three possible orientations with either one of the
crystallographic axes parallel to the experimental rotation
axis. For rotation about the b- and the c-axes no clear
minima for the SLS nor any resemblance to the measured
spectra or polarization pattern resulted. However, for
rotation about the crystallographic a-axis, the SLS became
minimal for a particular set of Euler angles and the
resemblance to the experimental rotation pattern was
striking. In general, the symmetry properties of the
P212121 space group do not allow to distinguish the
crystallographic axes by means of EPR. The existence of
a non-crystallographic C2-axis relating the two PS II
monomers in the dimers of PS II complexes to each other
allows resolution of this ambiguity [31].
A step width of 5j was then applied for the rotation
along the a-axis over the whole range of angles to exclude
the existence of another minimum for the SLS. Even though
the rotation axis was close to one of the crystallographic
axes, no second minimum was found. This is again a
consequence of the non-crystallographic symmetry axis
relating the two PS II monomers to each other for each of
the dimers of PS II complexes occupying the non-equivalent
sites in the crystallographic unit cell. For any given ori-
entation of the magnetic field, the resonance positions
originating from the triplet states in the two PS II monomers
in one dimer of PS II complexes have to be related by the
non-crystallographic symmetry axis. This imposes severe
constraints on the possible orientations of the D tensor
principal axes for each individual spectrum of the whole
rotation pattern. This results in only one orientation of the D
tensor principal axes being consistent with the entire pattern.
In the vicinity of the found angles a step width of 1j was
applied to determine the precise values.
In a further refinement concerning the angle of the
crystallographic a-axis with respect to the experimental
Table 1
Orientation of the chlorophyll triplet D tensor axes X, Y and Z in the crystal
site defined by the C2 axis orientation given as directional cosines with
respect to the crystallographic axis system a, b, c
cos X Y Z C2
a  0.572 + 0.525 + 0.630  0.282
b  0.122  0.814 + 0.567  0.558
c + 0.811 + 0.248 + 0.530 + 0.781
Note that the non-crystallographic C2 axis is parallel to the local pseudo C2
axis of the individual PS II cc (cf. Fig. 2). The orientations for the other
sites can be obtained using the symmetry operations of the P212121 space
group.
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simulations, this resulted in the maximum number of eight
resolved emissive and absorptive transitions, respectively.
Due to the inhomogeneous broadening, however, only four
of these lines were resolved in the experimental spectra. For
the simulations shown in Fig. 1, the line width parameter
was finally adjusted to properly reflect the overlap of lines
originating from different inequivalent monomers of PS II.
The direction cosines with respect to the crystallographic
abc axis system calculated from the Euler angles are listed
in Table 1.5. Discussion
The D and E values obtained for 3P680 from PS II have
been found to be very close to those obtained for 3Chl a in
frozen organic solvents [18]. This is in contrast to the results
for the recombination triplet state 3P865 in bRCs, where the
ADA and AEA values are reduced in magnitude as compared
to monomeric 3BChl [14,17]. This was interpreted as
resulting from delocalization of the triplet exciton over a
BChl a dimer in case of 3P865 [17]. For
3P680 in PS II, the
triplet state is clearly confined to a Chl a monomer of the
electron transfer chain—at least at low temperatures—
whose structure seems to be slightly disturbed probably
due to interactions with the protein environment. Recently,
this assumption was confirmed by a pulse ENDOR analysis
of the hyperfine structure of 3P680 and
3Chl in organic
solvents [39]. The question is to which of the chlorophylls
in the crystal structure of PS II cc must this triplet state be
assigned? This information is obtained from evaluation of
the triplet axes.
The analysis of the orientation-dependent EPR spectra in
the single crystal of PS II complexes yielded precise data for
the orientation of the D tensor in the unit cell. Because the D
tensor is closely related to the geometrical structure of the
porphyrin ring of the chlorophyll, the assignment and full
orientation in space of this molecule could be derived. Due
to the existence of the non-crystallographic symmetry axis
of the dimer of PS II complexes the orientation of the D
tensor can be assigned to one of the four PS II dimers in the
unit cell [31]. Furthermore, since the non-crystallographicsymmetry axis of the dimer of PS II complexes is perpen-
dicular to the membrane plane, the orientation of the
chlorophyll hosting the triplet relative to the membrane
normal can be derived by calculating the angles between
the D tensor axes and this C2-axis (see Table 1). This allows
a comparison of our data on single crystals of PS II cc with
those obtained earlier on oriented PS II membrane frag-
ments [18]. However, the parallel alignment of the non-
crystallographic symmetry axis relating the two PS II
complexes in the homodimer and the pseudo C2-axis relat-
ing the D1 and D2 subunits in each PS II monomer prevents
a distinction of the cofactors on the D1 and the D2 side of PS
II, respectively.
The Z principal axis of the D tensor is perpendicular to
the plane of the chlorophyll molecule [40]. The directional
cosine between the triplet Z principal axis and the pseudo
C2-axis relating the D1 and the D2 subunits as given in Table
1 corresponds to an angle of 30F 2j. This value is in good
agreement with the 29j angle calculated from the crystal
structure between the pseudo C2-axis and the normal of the
‘‘accessory’’ chlorophylls ChlD1 or ChlD2 (see Fig. 2, left).
This result corroborates the earlier finding of van Mieghem
et al. [18] who found an angle of 30F 3j between the triplet
Z-axis and the membrane normal and concluded that the
triplet state 3P680 is located in PS II on a Chl similarly
arranged as the ‘‘accessory’’ BChls in the bRC. The direc-
tional cosines between the X- and Y-axes of the D tensor and
the pseudo C2-axis given in Table 1 correspond to angles of
62F 2j and 89F 2j, respectively. The angle of 89j
between the triplet Y-axis and the pseudo C2-axis shows
that the triplet Y-axis is aligned parallel to the photosynthetic
membrane.
In order to assign the in-plane axes X and Y to the
molecular structure we utilize recent ENDOR data. In the
pulse ENDOR study on 3P680 [39], a geometric relation
between the hyperfine tensor axes of the methine protons of
the porphyrin ring and the D tensor principal axes was
obtained. Since the principal axes of these hyperfine tensors
are directly related to the molecular structure, it is possible
to unambiguously identify the D tensor principal axes X and
Y with the molecular axes [39]. The in-plane X-axis is
parallel to a line connecting the carbon atoms 10 and 20
(according to IUPAC nomenclature) and the Y-axis is
perpendicular to it. This assignment of the triplet X- and
Y-axes corresponds well with the in-plane orientation of the
‘‘accessory’’ chlorophylls ChlD1 and ChlD2 in the present X-
ray structural model (J. Biesiadka, and W. Saenger, personal
communication) as shown in Fig. 2 (right side) for the case
of ChlD1. Based on this assignment, it is also possible to
localize the position of the fifth isocyclic ring in the
chlorophyll and thus the axes of the optical transition
moments QX and QY [39]. This has not been possible so
far with confidence based on the crystallographic data
alone. Interestingly, the obtained positioning of the chlor-
ophyll macrocycle ChlD1 is very similar to that of the
accessory BChl in the bRC [5], and is also in agreement
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The result suggests that the orientation of all chlorophyll
species in PS II is similar to those in the bRC. The
assignment resulting from this assumption is depicted in
Fig. 2.
The data on the orientation of the D tensor principal axes
of 3P680 clearly show that this triplet state is located at low
temperatures on one of the accessory Chls in the PS II
reaction centre. Due to the dimeric nature of PS II in the
single crystals a distinction of the two symmetrically
arranged chlorophylls ChlD1 and ChlD2 is not possible. The
location of the triplet state on an ‘‘accessory’’ Chl in PS II is
remarkably different from the result obtained for bRC. In
the bRC, the triplet state is localized on the ‘‘special pair’’
primary donor P with ring plane perpendicular to the
photosynthetic membrane [17,41] which also carries the
positive charge after the photoinduced electron transfer [42].
However, in PS II, it has been shown by distance measure-
ments using pulse EPR techniques on radical pair states that
the cation radical P680
+ S is localized on PD1 or PD2 (Fig. 2),
the chlorophyll molecules which correspond to the ‘‘special
pair’’ in the bRC [27,28].
The results from EPR on wild-type PS II preparations on
the location of the triplet and the cation radical state in PS II
are in agreement with a recent optical study by Diner et al.
[25] on genetically modified PS II complexes. In the latter
work, replacement of the D1-His 198 and D2-His 197,
which are believed to ligate PD1 and PD2, respectively,
showed clear effects on the P+ S–P-absorbance difference
spectrum but did not affect the 3P–1P difference spectrum.
These results where interpreted as the cation P680
+ S being
localized on PD1 or PD2 while the
3P680 triplet state does not
reside on these Chl species. Based on the earlier result of
van Mieghem et al. [18] localization on an accessory Chl
was also proposed by Diner et al. [25].
Assuming similar singlet– triplet splittings for all Chl
molecules within the PS II reaction centre, the localization
of the triplet state ‘‘3P680’’ at cryogenic temperatures on an
accessory Chl implies that the same ‘‘accessory’’ Chl should
also be the trap for the singlet excitation and initiate the
charge separation process. In such a scenario, the excited
ChlD1 would reduce PhD1, and the created primary cation
radical ChlD1
+ S subsequently oxidize PD1. In this model, PD1
acts as an intermediary electron donor to ChlD1
+ S. PD1
+ S
removes an electron from the active tyrosine YZ that in turn
oxidizes the manganese cluster, finally leading to water
oxidation.Acknowledgements
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